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In vivo observations of the mouse microcirculation can
hardly be performed due to technical difﬁculties, limiting
the knowledge that could be obtained from gene manip-
ulated mice models. The aim of the present study was to
checktheapplicabilityofanovelopticalsystem,theorthog-
onal polarization spectral technology, to study the mouse
microcirculation. In anaesthetized mice, the spinotrapezius
muscle microcirculation was observed in situ. The diame-
terofprecapillaryarterioleswasmeasuredbeforeandafter
a pharmacological or hormonal stimulation. High-contrast
images of the muscle microcirculation were obtained and
signiﬁcant vasodilatation of arterioles was observed after
topical applications of acetylcholine, sodium nitroprusside,
and insulin. As compared to conventional techniques, or-
thogonal polarization spectral imaging makes it possible to
assessandstudymicrovascularbedsinmice,whichwerein-
accessible until now, allowing the use of gene manipulated
mice to investigate, for example, the mechanisms involved
in the development of diabetic microangiopathy.
Keywords Arteriole; Microcirculation; Mouse; Orthogonal Polar-
ization Spectral Imaging; Skeletal Muscle
Microvascular pathologies are a key feature of many human
disease states, including hypertension [1], coronary heart dis-
ease[2],anddiabetesmellitus[3].Indiabetes,theso-calleddia-
betic microangiopathy underlies retinopathy, nephropathy, and
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neuropathy. It is well recognized that these long-term compli-
cations of diabetes originate from malfunction of the microvas-
culature [4]. In industrialized countries, diabetic retinopathy
remains the leading cause of blindness [5], diabetic nephropa-
thyisthemaincauseofend-stagerenaldisease[6],anddiabetic
peripheral neuropathies are the major cause of lower limb am-
putation [7]. These data highlight the urgent need to clarify
the processes involved in the pathogenesis of diabetic micro-
complicationsinordertoachieveefﬁcienttherapeuticstrategies
that can improve the microcirculatory function. However, the
etiology of long-term diabetic microvascular complications is
stillpoorlyunderstoodandthislackofknowledgecanpartlybe
explained by the technical difﬁculties linked to the observation
of the microvasculature in situ [8].
Microcirculation is difﬁcult to access because of its small
dimensionsanditslocationandthereforerequiresadaptedtech-
niques.Inhumans,conventionaltechniquesavailabletoobserve
themicrocirculationarenecessarilynoninvasive,thereforelim-
iting the investigations to vascular beds where vessels are vis-
ible and close to the surface such as skin, ﬁnger nail fold, or
conjunctiva. However, this raises the question whether stud-
ies performed in these tissues are relevant for diabetes be-
cause(1)microvasculardysfunctionduringmetabolicdisorders
occurs in many microvascular networks with more important
physiological, functions, and (2) many tissues have their own
physiological regulation. In animals, using invasive methods
and video microscopy, deeper tissues can be observed, such as
skeletal muscle (spinotrapezius, cremaster, extensor digitorum
longus) or gastrointestinal tract (mesenter, colon). However,
thesemicrovascularpreparationsrequireextensivesurgicalpro-
cedures to exteriorize the organ, thus questioning their validity
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to represent the in vivo situation [9]. Classical microvascular
preparationspotentiallyexhibitalsoanotherdrawback,because
theyaremostlyimpossibletoadapttoanimalspeciesassmallas
mice. In vivo microcirculatory investigations are therefore cur-
rently limited to species such as rats or bigger animals. On the
other hand, the ﬁeld of metabolic disorders (insulin resistance,
glucose intolerance, obesity, diabetes) has experienced an ex-
plosion of speciﬁc models over the past few years, which are
essentially engineered by genetic manipulations in mice (pro-
tein overexpression or knockout). Investigating the microvas-
cular modiﬁcations involved in the aggravation of metabolic
dysfunction [8] or underlying diabetic vascular complications
might increasingly require such models to unravel these func-
tional connections.
Recently, a new technique for the imaging of microcircula-
tion, the orthogonal polarization spectral (OPS) imaging [10],
was developed. Compared to intravital microscopy, OPS imag-
ing offered several advantages, making this device potentially
advantageous to visualize the microcirculation in mice and to
investigate quantitative parameters such as arteriolar diame-
ter or functional capillary density changes [10]. Indeed, OPS
imaging produces highly contrasted images of microvascular
networks without the use of ﬂuorescent dyes or elaborate and
destructive tissue preparation for transillumination.
So,theaimofthepresentstudywastochecktheapplicability
of the OPS imaging technology to study the mouse microcircu-
lation when standard intravital microscopy (for example, tran-
sillumination)canhardlybeperformed.Tothisend,weadapted
a previously described intact rat spinotrapezius muscle model
[11] for the use in mice and validated its suitability for mi-
crovascular reactivity studies with vasoactive drugs and also its
suitability for endocrine microvascular studies.
MATERIALS AND METHODS
Animals
Male C57Bl6/J mice (Charles River, l’Arbresle, France)
weighing 26 ± 1 g were used for the experiments. The animals
werekeptunderstandardconditions(light07.00to19.00hours;
temperature22◦C±1◦C;humidity50%±10%),andfedrodent
diet and water ad libitum.
Spinotrapezius Muscle Preparation
All surgical and experimental procedures were performed
under constant ﬂow of isoﬂurane anaesthesia (2.0% to 2.5%) in
oxygen–nitrous oxide gas mixture (40% to 60%). Through-
out the whole experiment, body temperature was kept at
37◦C ± 1◦C by placing mouse in supine position on a com-
plete homeothermic blanket system (Harvard Apparatus, Les
Ulis,France).Polyethylenecatheters(PE-10;Intramedic,FLD,
Chilly Mazarin, France) were inserted into the carotid artery
forbloodpressuremeasurement.Theratspinotrapeziusmuscle
preparation [11] was adapted and simpliﬁed for use in mouse:
a longitudinal slit was performed in the skin along the spine
from the cervical to the midlumbar region and the connective
tissue that covers the muscle was carefully removed using iri-
dectomy scissors. During the preparation and experimental ob-
servations,theskeletaltissuewascontinuouslysuperfusedwith
a bicarbonate/HEPES-buffered saline. The temperature of the
solutionwaskeptat36◦CandthepHwassetat7.4bybubbling
the solution with 5% CO2 in 95% N2. Superfusion ﬂow rate
was maintained at 4 to 5 mL/min (Figure 1).
Orthogonal Polarization Spectral
Imaging Technology
The OPS imaging technology, described in detail by Groner
and colleagues [10], allowed visualizing the microcirculation.
Brieﬂy, the technique eliminates directly reﬂected green polar-
ized light from an organ surface using an orthogonal placed
analyzer, which results in clear intravital images of red blood
cells ﬂowing through the microcirculation. For our study, we
used the OPS imaging Cytoscan Video Microscope (Cytomet-
ric, Philadelphia, USA) with the 10× probe positioned on the
top of the muscle that allowed the observation of microcircu-
latory ﬁelds of 0.47 × 0.63 mm. Images were captured and
recorded on S-VHS videotape and analyzed off-line.
Image Analysis
Arteriolar diameters were determined by measurements of
the red blood column diameters, the median value of at least
5 consecutive diameter measurements being considered as the
realdiameter.Thiswasperformedbyaplaybackanalysisofthe
videorecordusinganimageprocessingsystem.Theimagewas
coded as 768 by 572 pixels, with 256 gray levels. The isotropic
orientation of the vessel was used to increase the signal/noise
ratio, by integration of the segments perpendicular to the op-
erator’sd e ﬁned line drawn on the vessel. The diameters were
computed at 50% of the gray level amplitude of the integrated
signal.
Blood Pressure Measurements
The arterial blood pressure signal, transmitted to a blood
pressure analyser (AH 60-3003, Harvard Apparatus, Les Ulis,
France),wasdigitizedat1000samplespersecond.Eachsecond,
mean blood pressure and heart rate were computed, displayed,
and stored using dedicated software IOX (EMKA Technology,
Paris, France).OPS IMAGING FOR MICROVASCULAR STUDIES IN MICE 213
FIGURE 1
Schematic experimental setup.
Experimental Protocols
Mice were allowed a 45-minute stabilization period before
the experimental protocols were begun. Four regions of inter-
estwithinthespinotrapeziusmusclethatcontainedoneormore
terminal precapillary arterioles (smaller than 20 µm) were se-
lected. For measurement, the 4 microcirculatory ﬁelds were
recorded for ∼60 seconds each; the value of arteriolar diameter
at this time will be considered as basal diameter.
In a ﬁrst series of experiments, we examined responses of
mouse spinotrapezius arterioles to the endothelium-dependent
vasodilatoracetylcholine(Ach;0.1µand1.0µ;n=4).Wealso
examineddilationofarteriolestotheendothelium-independent
nitric oxide donor sodium nitroprusside (SNP; 0.1 µM and
1.0µM;n=4).Afterbaselinemeasurements,superfusionwith
bicarbonatebufferwasinterruptedandacetylcholineorsodium
nitroprusside prepared in the same medium was topically ap-
plied.Arteriolardiametersweremeasuredafter3minutesofthe
topical application. In pilot experiments, maximal vasodilatory
effects were obtained at the concentration of 1 µM. Thus, the
concentration of 0.1 µM and 1.0 µM were selected in each
case.
In a second series of experiments, mice were randomized
into either the control group (n = 8) or insulin group (n = 8).
In mice of the control group, physiological buffer solution was
superfused throughout the entire experiment. In mice of the
insulin group, 200 µIU/mL insulin (Actrapid, Novo Nordisk
Pharmaceutique S.A., Boulogne, France) diluted in physiolog-
ical buffer, was superfused for 45 minutes. Video recoding was
done at 15, 30, and 45 minutes after the start of superfusion for
later off-line analysis.
Statistical Analysis
Resultsareexpressedasmean±SEM.Between-groupcom-
parisons of mice metabolic parameters were performed using214 P. NIVOIT ET AL.
the Student-Newman-Keuls’post hoc pairwise test. The data
for arteriolar diameters were analyzed using 2-way analysis of
variance (ANOVA) to identify time and drug effects. When a
signiﬁcant value was demonstrated, 1-way ANOVA was used,
followed by the Tukey’s post hoc analysis, to analyze the time
effect in each experimental group and drug effect for each se-
ries of experiment. A P value of .05 or less was considered
statisticallysigniﬁcant.Datawereanalyzedusingthestatistical
software SPSS (SPSS France, Paris, France).
RESULTS
OPS Imaging
High-contrast images of terminal precapillary arterioles of
the mouse spinotrapezius muscle were obtained by the OPS
imaging system (Figure 2), allowing the measurement of vas-
cular diameter.
Baseline Data of the Mouse
Spinotrapezius Model
BasalphysiologicparametersofC57Bl6/Jmiceweresimilar
in all groups: mean arterial blood pressure was 90 ± 5m m
Hg, heart rate was 545 ± 13 bpm, and precapillary arteriolar
diameter established at 10.4 ± 0.5 µm. No signiﬁcant changes
ofmeanbloodpressureandheartratewereobservedduringthe
experiments.
FIGURE 2
Representative examples of high-contrast images obtained in vivo by OPS imaging (Cytoscan Video Microscope) of the mouse
spinotrapezius muscle arterioles (a) and venules (b) before (A) and after (B) topical application of acetylcholine (10 µM). Scale
bar represent 100 µm.
Effect of Vasoactive Drugs on
Arteriolar Diameters
Figure 3 summarizes the effect of topical application of
acetylcholine and sodium nitroprusside on the precapillary
arteriolar diameter. Acetylcholine and sodium nitroprusside
produced dose-related dilation of arterioles. Topical acetyl-
choline (0.1 µM and 1.0 µM) caused ∼20% and ∼35%
increases over the initial arteriolar diameters, respectively,
whereas topical sodium nitroprusside (0.1 µM and 1.0 µM)
caused ∼25% and ∼45% increases over the initial arteriolar
diameters, respectively.
Effect of Insulin on Precapillary
Arteriolar Diameters
Arteriolar diameters in the spinotrapezius muscle remained
stable over time in animals injected with isotonic saline. On
the contrary, a pronounced vasodilation was induced by insulin
(Figure 4). Precapillary arteriolar diameters were signiﬁcantly
increased at time 15 minutes (8.5%) and the effect persisted
until the end of the experiment to reach the value of 12.3% at
time 45 minutes.
DISCUSSION
Thebasicrationaleforthisstudyemergedfromthefactsthat
the pathophysiology of diabetic microangiopathy is still poorly
understood. To fully understand the functional modiﬁcationsOPS IMAGING FOR MICROVASCULAR STUDIES IN MICE 215
FIGURE 3
Response of the mouse spinotrapezius muscles precapillary
arterioles to topical application of acetylcholine (gray bars)
and sodium nitroprusside (black bars). Data are means ± SEM.
involved in these long-term vascular complications, direct mi-
crocirculatory observations have to be made in animal models,
the prerequisite for development of therapeutic strategies in
humans. With the introduction of genetically modiﬁed mice
FIGURE 4
Effects of insulin on the skeletal muscle precapillary arteriolar
diameters in mice. Insulin (gray bars) was superfused at a dose
of 200 µIU/mL over 45 minutes. In control mice (white bars),
physiological buffer was superfused throughout the whole
experiment. Data are means ± SEM. ∗P <. 05 versus saline,
†P < 0.05 versus time 0.
in the life sciences, murine models will provide invaluable re-
search tools for understanding both the biological pathways
and the etiology of diabetic microangiopathy. Until now, mi-
crovascular preparations used in rats or hamsters for intravital
microscopy were, however, difﬁcult to adapt in mice due to
the extensive surgical procedures needed to exteriorize the ob-
served tissue for transillumination. These problems may now
become resolved by the availability of a new method for the
study of microcirculation: the orthogonal polarization spectral
imaging or OPS [10].
OPS imaging is a novel optical system that produces highly
contrasted images of microvascular networks. The technique
relies on the hemoglobin absorption of green polarized light
to enhance the contrast of the red blood cells in the microves-
sels. Unlike classical intravital microscopy, there is no more
need to transilluminate the tissue or to use ﬂuorescent (possi-
bly toxic) dyes for contrast enhancement. Microcirculation can
therefore be observed noninvasively through mucus membrane
and on the surface of various solid organs. In recent valida-
tion studies, it was shown that OPS imaging was as efﬁcient
as standard intravital microscopy in quantifying microvascular
characteristics such as vessels diameter, red blood cells veloc-
ity, and functional capillary density [10, 12–16]. Observations
weremade inphysiologicalconditionsbut alsoin pathophysio-
logical conditions, including inﬂammation [13], ischemia [16],
and hemodilution [15].
Few studies report the use of mice in experimental settings
[13, 14, 17] and only one was aiming at validating the use
of OPS imaging against standard intravital ﬂuorescence mi-
croscopy in a microcirculatory preparation of mouse cremaster
muscle [17]. In the current study, we choose to investigate the
mousemicrocirculationwithOPSimaginginthespinotrapezius
muscle for several reasons. Firstly, the spinotrapezius muscle
was used historically as the ﬁrst model for the intravital ob-
servation in rats [18]. Secondly, the rat spinotrapezius muscle
preparation performed according to the method described by
Gray [11] is currently in use in our laboratory [19, 20]. Thirdly,
histochemical characteristics and contractile properties of the
spinotrapezius muscle of rats and mice are very similar [21].
Because standard intravital videomicroscopy cannot be carried
out in the mouse due to insufﬁcient length of muscle to be
exteriorized, it explains why mouse spinotrapezius muscle, in
contrast to cremaster, has not yet been adapted to mice [22].
Finally, skeletal muscle is one of the major insulin-sensitive
tissues [23] and insulin has been implicated in the diabetic mi-
crovascular hemodynamic defects, which could contribute to
the pathogenesis of diabetic microangiopathy [8, 24].
Until now, intravital microscopy enabled observation in 2
mouse skeletal muscle models: the cremaster [22, 25] and
the extensor digitorum longus models [26]. In the mouse216 P. NIVOIT ET AL.
spinotrapezius model, utilization of OPS imaging now avoids
one major drawback encountered with these models, namely
complex and time-consuming surgical procedures, which fur-
thermore increase the risk of damaging the preparation. In-
deed in the cremaster muscle preparation, the muscle needs to
be completely separated from the testicle by cutting the small
linking pedicle. In extensor digitorum longus preparation, the
tibialis anterior muscle tendon needs to be transected to put
backwardsthemusclethatcoverstheextensordigitorumlongus
muscle. In contrast, preparation of spinotrapezius appears very
simple,justrequiringanincisionoftheneckskininordertoex-
pose the muscle, followed by careful removal of the connective
tissue. Application of the OPS imaging probe to the surface of
the muscle at a working distance of 2 mm eliminates any me-
chanical stresses, which could alter microvascular ﬂow [27]. In
addition, the ﬁeld depth of the optical system, combined with
the thinness of the muscle, allows visualizing the microcircu-
lation via the dorsal strip of the muscle in a situation that truly
representstheinvivosituation[9].AsdemonstratedinFigure2,
high-contrastimagesfromthemicrovascularnetworkofspino-
trapezius were obtained. This was the necessary condition to
measurearteriolardiameteroff-line.Duetothesimplicityofac-
cessingskeletalmuscle(skinincision),theOPSmayalsoallow
to move to more chronic (repetitive) investigations, which are
of primary importance for studying the evolution in metabolic
disorders.
In a ﬁrst approach, we validated our model by monitor-
ing arteriolar diameter throughout the whole experiment dur-
ing superfusion with bicarbonate buffer. Our data show that
precapillary arteriolar diameter remains constant, therefore
demonstrating the stability of the microvascular preparation.
Next we veriﬁed the suitability of our model to probe endothe-
lial function because endothelial dysfunction is known to play
a key role in the development of diabetic microvascular com-
plications[28,29].Wethereforeinvestigatedtheacetylcholine-
induced vasodilation, which has become a standard test used to
assess the endothelial function and has been generally found
to be impaired in diabetes, at both the macrovascular and
microvascular levels [30]. However, impaired endothelium-
dependentvasodilationisfrequentlyobservedinthepresenceof
preserved responses to endothelium-independent vasodilation.
This prompted us to test the endothelium-independent vasodi-
lationinducedbysodiumnitroprusside,aNOdonorthatstimu-
latestherelaxationofthesmoothmusclecells.Asdemonstrated
in Figure 3, topical applications of acetylcholine or sodium ni-
troprussidebothinducedprecapillaryarteriolarvasodilationina
dose-dependent manner, validating the suitability of our model
for microvascular reactivity studies. Finally, the suitability of
this technique was also tested for endocrine vascular studies.
Indeed, it is well established that besides its metabolic action,
insulincanaffectbloodﬂowinskeletalmuscle[24,31].Insulin
alone induces vasodilation in large arteries and resistance ves-
sels and we recently showed that this effect also occurs in pre-
capillary arterioles of the rat spinotrapezius muscle [19]. We
therefore investigated the effect of a postprandial insulin con-
centration [32] on precapillary arteriolar tone. As expected, the
results of our study showed that superfusion of insulin reduced
signiﬁcantly precapillary arteriolar tone in mouse spinotrapez-
ius muscle. Our results are in good agreement with those of
Wehrens and colleagues in extensor digitorum longus muscle
preparation where the same dose of insulin induced a similar
vasodilation around 10% [26]. In addition, precapillary arteri-
olar vasodilation was also observed when insulin was injected
subcutaneously (data not shown). By modifying the precap-
illary arteriolar dynamics, insulin may increase capillary re-
cruitment and therefore facilitate the delivery of glucose and
hormone to muscle cells, leading to increased glucose uptake
[8,24,31].Impairmentofthisprocesscouldthereforeleadto—
or aggravate—insulin resistance and subsequently be involved
earlyinthepathogenesisofdiabetesaswellasitsmicrovascular
complications[8,24].However,thisconceptisstilldebatedand
we hypothesize that, using gene manipulated mice combined
with OPS imaging in experimental settings, further investiga-
tions would help to unravel some yet unanswered questions
about such linkings.
In summary, we examined the transfer and applicability of
theOPSimagingtechnologytoinvestigatethemousemicrocir-
culation. As compared to conventional technique/models, OPS
makesitpossibletogreatlyreducethelevelofsurgerytoaccess
the microvascular bed of skeletal muscles, a tissue of primary
importanceinthepathophysiologyofmetabolicdisorders.This
technology will now provide a unique opportunity by allowing
investigation of the pathophysiology of diabetic microangiopa-
thy as an extension to gene manipulated mice.
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